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Abstract 
We study electrical transport properties in exfoliated molybdenum disulfide (MoS2) back-gated field 
effect transistors at low drain bias and under different illumination intensities. It is found that 
photoconductive and photogating effect as well as space charge limited conduction can simultaneously 
occur. We point out that the photoconductivity increases logarithmically with the light intensity and can 
persist with a decay time longer than 104 s, due to photo-charge trapping at the MoS2/SiO2 interface 
and in MoS2 defects. The transfer characteristics present hysteresis that is enhanced by illumination. At 
low drain bias, the devices feature low contact resistance of 1.4 𝑘Ω/𝜇𝑚, ON current as high as 
1.25 𝑛𝐴/𝜇𝑚, 105  ON-OFF ratio, mobility of ~1 𝑐𝑚2/𝑉𝑠 and photoresponsivity ℛ ≈ 1 𝐴 𝑊⁄ . 
 
 
Introduction 
Molybdenum disulfide (MoS2) field effect transistors (FETs) have recently become very popular as 
alternatives to graphene devices for a new generation of transistors based on atomically-thin 2D 
materials [1-4]. Indeed, monolayer MoS2 has a direct bandgap of ~1.8 − 1.9 𝑒𝑉 [5], which enables the 
fabrication of transistors with ON/OFF ratio exceeding 108 [6-7], that is suitable for logic applications 
and non-achievable with gapless graphene. Unfortunately, the success of MoS2 based transistors has 
been hindered so far by the low mobility, which is in the range  0.01 − 50 𝑐𝑚2 𝑉𝑠⁄  for MoS2 on silicon 
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dioxide (SiO2) at room temperature [8]. Higher mobility has been achieved using MoS2 together with 
high-k dielectrics and metal top-gate. The reduced Coulomb scattering due to the high-k dielectric 
environment and the subsequent possible modification of phonon dispersion in monolayer MoS2 lead 
to mobilities of 100 𝑐𝑚2 𝑉𝑠⁄  or higher [9, 10]. 
The direct bandgap of monolayer MoS2 favors light absorption and enables efficient electron–hole pair 
generation under photoexcitation, making it an ideal layered material for optoelectronic applications. 
Both photoconductive and photogated transport, in which the channel conductance is enhanced by 
photogeneration or gating effect from trapped photocharge respectively, has been observed in MoS2 
phototransistors [11]. Ultrasensitive, monolayer MoS2 phototransistors with internal gain and 
responsivity over a wide range, up to 2000 𝐴𝑊−1 under visible light, have been demonstrated [12-17]. 
However, a strong variation in the switching time has been obtained, with photocurrent generation and 
annihilation times ranging from microseconds [17-19] to seconds [13-15]. For instance, Ref. [15] 
reports a slow photoresponse device operated at high drain voltage 𝑉𝑑𝑠 = 8 𝑉, characterized by rise and 
decay times of several seconds (~9 𝑠). Slower photo-response has been demonstrated also in more 
recent works. Y.-C. Wu et al. [20] find a persistent photoconductivity effect, where current does not 
recover back to its original value even after a prolonged time period, and measure a decay time as long 
as 𝜏 ≈ 5300 𝑠 on monolayer MoS2 back-gate transistors operated at a drain bias of 50 𝑚𝑉. The effect 
is attributed to random localized potential fluctuations in the devices, which originate from extrinsic 
sources based on the SiO2/Si substrate. Persistent photocurrent has been also observed by K. Cho and 
coworkers [21] on FETs with multilayer MoS2 nanosheets exposed to UV illumination under various 
environmental (vacuum or oxygen pressure) and measurement conditions. The observed photocurrent 
decay time exceeds 106 𝑠, and faster decay occurs at higher oxygen pressure and gate voltage. Cho et 
al. attribute this result to charge trapping in oxygen related defect sites on the MoS2 surface, and thus 
propose that trapping is affected by the application of the gate voltage. Attempts to reduces the persistent 
photoconductivity by suitable measurement conditions or passivation with high-k dielectric [19-20] or 
through the functionalization of MoS2 [22-23] have been reported. 
All the mentioned studies prove that the environmental and electrical measurement conditions affect 
the optoelectronic properties of MoS2 FETs and that extrinsic or intrinsic charge trapping can play an 
important role in (photo)electronic transport. However, the physical mechanism for slow photoresponse 
of MoS2, which seems to be an important peculiarity of this material, is still not fully understood. In 
particular, the origin of the observed persistent photoconductivity is still matter of debate. 
In this paper, we fabricate back-gated transistors using cleaved monolayer MoS2 to investigate electrical 
transport and photoresponse, and then uncover the cause of the slow photoresponse and persistent 
photoconductivity of MoS2.  To enhance the persistence effect, following ref [20], we focus on 
characterization at low drain bias. We measure gate- and light-dependence of FET electrical 
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characteristics and a photogating effect, which clearly point toward charge trapping at the MoS2/SiO2 
interface or in MoS2 defects as the origin of the observed persistent photoconductivity in vacuum.   
 
Device fabrication 
Monolayer MoS2 flakes were deposited on SiO2/Si substrate by scotch-tape exfoliation of commercial 
crystalline bulk MoS2 to fabricate back-gated FETs. The heavily doped p-type Si (0.01 − 0.05 Ω𝑐𝑚 
resistivity) was used as the back gate with gate dielectric thickness 𝑡𝑆𝑖𝑂2 = 285 𝑛𝑚. Metal leads, 
consisting of a Ti(5 nm)/Au(50 nm) bilayer, were evaporated after e-beam lithography to form source 
and drain in two- and four-probe configuration (Figure 1 (a)). Monolayer MoS2 flakes were identified 
by optical microscopy and the number of layers was further confirmed by micro-Raman spectroscopy 
(Renishaw inVia, 532 nm wavelength). Figure 1 (b) shows the typical Raman spectrum of a selected 
monolayer MoS2 flake used for device fabrication. The ~19.7 𝑐𝑚−1 separation between 𝐸2𝑔
1  and 𝐴1𝑔 
Raman modes is a signature of monolayer MoS2 [24]. 
 
 
Figure 1 – (a) A MoS2 flake on SiO2/Si substrate with Ti/Au leads.  (b) Raman spectrum of the MoS2 
flake shown in (a), with 𝐸2𝑔
1  and 𝐴1𝑔 peaks at ~384.1 𝑐𝑚
−1 and ~403.8 𝑐𝑚−1, respectively. 
 
Electrical measurements were performed in a Janis ST-500 cryogenic probe station connected to a 
Keithley 4200-SCS semiconductor parameter analyzer at room temperature and at an air pressure of 30 
mbar to possibly remove moisture and limit oxygen adsorption on the MoS2 surface. Optoelectronic 
properties were investigated by irradiation under visible light from an array of white LEDs (spectrum 
in the range 400-750 nm and peaks at 450 nm and 540 nm), with tunable intensity up to 5.5 𝑚𝑊/𝑐𝑚2.  
 
Results and discussion 
Figure 2 (a) shows the transfer characteristic, 𝐼𝑑𝑠 − 𝑉𝑔 curve, in linear and logarithmic scale, obtained 
for the transistor of Figure 1 (a) using the inner leads 2 and 3 as the source and the drain, and the Si 
substrate as the back-gate, in dark and at air pressure of 30 mbar. The channel length 𝐿 and width 𝑊 
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are 4.3 𝜇𝑚 and 40 𝜇𝑚, respectively. The transistor shows n-type behavior with threshold voltage 𝑉𝑇 =
−14 𝑉 (𝑉𝑇 is here defined as the gate voltage corresponding to a channel current 𝐼𝑑𝑠 = 1𝑛𝐴), an 
ON/OFF current ratio of 105 and achieves ON current of 1.25 𝑛𝐴/𝜇𝑚 at 𝑉𝑑𝑠 = 30 𝑚𝑉. Assuming 1 𝐿⁄  
scaling with channel length, the current drive is less than 2 orders of magnitude lower than that of state-
of-the art Si FinFETs [25]. Figure 2 (b) shows linear output characteristics, 𝐼𝑑𝑠 − 𝑉𝑑𝑠, measured in a 
two-probe configuration, which indicates good quality contacts, with ohmic behavior over the 
considered 𝑉𝑑𝑠 range.  Figure 2 (c) compares 𝐼𝑑𝑠 − 𝑉𝑑𝑠 curves in a two- and four probe configuration, 
at grounded gate (𝑉𝑔 = 0 𝑉): From this figure, a contact resistance as low as 1.4 𝑘Ω/𝜇𝑚 is extracted, 
negligible with respect to the 𝑀Ω range of channel resistance. Such a result implies that the electrical 
measurements here presented are dominated by MoS2 channel properties, rather than by contact 
resistance.  
 
 
Figure 2 – Transfer (a) and output (b) characteristics measured between inner leads 2 and 3, in dark and 
at 30 mbar air pressure. (c) 𝐼𝑑𝑠 − 𝑉𝑑𝑠 curve at 𝑉𝑔 = 0 𝑉 measured in two and four-probe configuration 
to extract the contact resistance. (d) Hysteresis and (inset) effect of drain bias 𝑉𝑑𝑠 on the transfer 
characteristic (the inset is referred to a different device from the same batch). 
 
Figure 2 (a) shows a mobility  
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and a subthreshold slope  
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The benchmark for S is the theoretical limit of 2.3 𝑘𝑇 𝑞⁄ ≈ 60 𝑚𝑉 𝑑𝑒𝑐𝑎𝑑𝑒⁄  obtained for the ideal 
metal-oxide semiconductor FET with 𝐶𝑆𝑖𝑂2 ≫ 𝐶𝑑 (here, 𝑞 is the electron charge, 𝑇 the temperature, 𝑘 
the Boltzmann constant,  𝐶𝑆𝑖𝑂2 = 1.21 · 10
−8  𝐹 𝑐𝑚2⁄  is the SiO2 capacitance per unit area and 𝐶𝑑 =
𝐶𝑑𝑒𝑝 + 𝐶𝑡𝑟 is the parallel of the depletion 𝐶𝑑𝑒𝑝 and trap 𝐶𝑡𝑟 capacitance per unit area). The obtained 
high value of S is due to the thick oxide which makes 𝐶𝑆𝑖𝑂2 ≪ 𝐶𝑑. A high density of interface traps 
increases 𝐶𝑑 and can make the subthreshold slope worse [26].  
Further transistor properties are shown in Figure 2 (d), where a hysteresis between forward and reverse 
sweep of ∆𝑉𝑔 = 1.2 𝑉 at 𝐼?̅?𝑠 = 1 𝑛𝐴 and the effect of the increasing drain bias, resulting in augmented 
drive current and steeper subthreshold slope, are displayed. Such a hysteresis is quite common in 
unpassivated back-gated devices and is attributed to trap states and moisture either at the MoS2/SiO2 
interface [27-30] or on the MoS2 surface [31]. We can define a drain induced barrier lowering (DIBL) 
as 
Δ𝑉𝑔
Δ𝑉𝑑𝑠
|
𝐼?̅?𝑠
= 20 
𝑉
𝑉
  at 𝐼?̅?𝑠 = 10
−2 𝑛𝐴, which in this context represents the gate voltage change needed 
to achieve the same current produced by an increase of the drain bias of  Δ𝑉𝑑𝑠 = 1 𝑉.  
The quoted transistor figures of merit are consistent with the values reported in previous works for 
cleaved, air-exposed MoS2 on SiO2 [6, 20-21, 32-33].  
To investigate the optoelectronic properties of the device, we checked the same parameters under 
illumination after keeping the device at the low air pressure of 30 𝑚𝑏𝑎𝑟 for about 5 days.  
Figure 3 (a) depicts the transfer and output characteristic under the white light of 5.5 𝑚𝑊/𝑐𝑚2 of a 
LED array. Illumination keeps the linearity of the output characteristics (inset of Figure 3(a)), has 
negligible effect on channel mobility (𝜇 = 0.6 𝑐𝑚2 𝑉𝑠⁄ ), slightly increases the subthreshold slope (𝑆 =
2𝑉/𝑑𝑒𝑐𝑎𝑑𝑒), but appreciably changes the threshold voltage (𝑉𝑇 = −18 𝑉) by shifting the transfer 
characteristic in the negative 𝑉𝑔 direction (∆𝑉𝑇 ≈ −4 𝑉). Figure 3 (b) directly compares the transfer 
characteristics with light on and off, and shows that the OFF current is dramatically increased by more 
than two-orders of magnitude. Also, a hysteresis loop widening (to ∆𝑉𝑔 = 2.0 𝑉 at 𝐼?̅?𝑠 = 1 𝑛𝐴) under 
illumination can be noticed.  
The photocurrent, defined as the difference between device current with and without light, 
 𝐼𝑑𝑠
𝑃ℎ𝑜𝑡𝑜 = 𝐼𝑑𝑠
𝐿𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑠
𝐷𝑎𝑟𝑘,   
is plotted in Figure 3 (c) and shows a strong dependence on the gate voltage with a maximum at 𝑉𝑔 ≈
−10 𝑉. The peak of photocurrent corresponds to the maximum photoresponsivity, defined as the ratio 
between the current and  the total optical power 𝑃𝑜𝑝𝑡  impinging on the device, that is 
ℛ =
𝐼𝑑𝑠
𝑃ℎ𝑜𝑡𝑜
𝑃𝑜𝑝𝑡
≈ 1 
𝐴
𝑊
.   
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This value of  ℛ exceeds those quoted in ref. [12, 34] for similar devices, but is lower than the ones 
achieved in more recent works, with the devices treated or measured under special conditions [11,15].   
 
 
 
 
Figure 3 -  Transfer and output (inset) characteristics under white LED light at 5.5 𝑚𝑊/𝑐𝑚2. (b) 
Comparison of transfer characteristics in dark and under illumination (the inset shows the current in 
linear scale). (c) Photocurrent and (d) transconductance as a function of gate voltage.  (e)  Channel 
conductivity and output characteristics (inset) at 𝑉𝑔 = −25 𝑉 as a function of light intensities. (f) Log-
Log plot of 𝐼𝑑𝑠𝑣𝑠 𝑉𝑑𝑠 for different illumination levels. 
 
In general, two different effects are assumed to occur in field effect phototransistors under illumination 
depending on the applied voltage 𝑉𝑔: The photogating (PG, often called photovoltaic) effect and the 
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photoconductive (PC) effect  [35-36].  Hence, the photocurrent is the sum of two contributions: 
𝐼𝑑𝑠
𝑃ℎ𝑜𝑡𝑜 = 𝐼𝑑𝑠
𝑃𝐺 + 𝐼𝑑𝑠
𝑃𝐶.  
The PG effect manifests itself as a change in the transistor threshold voltage, from  𝑉𝑇 in the dark to 
𝑉𝑇 + Δ𝑉𝑇 under illumination, which gives a photocurrent [37-39] determined by 
𝐼𝑑𝑠
𝑃𝐺 = 𝑔𝑚 · |∆𝑉𝑇| =
𝐴·𝑘𝑇
𝑞
 ln(1 +
𝜂𝑞𝑃𝑜𝑝𝑡
𝐼𝑝𝑑 ℎ𝜈
)    
where 𝑔𝑚 = 𝑑𝐼𝑑𝑠 𝑑𝑉𝑔⁄  is the transistor transconductance, A is a fitting parameter, 𝜂 the quantum 
efficiency, 𝑃𝑜𝑝𝑡 is the incident optical power, 𝐼𝑝𝑑 is the dark current for holes, ℎ𝜈 is the photon energy. 
According to the above equation, the photocurrent due to photogating effect has the same 𝑉𝑔 dependence 
as the transconductance and scales logarithmically with 𝑃𝑜𝑝𝑡. The photovoltaic effect originates from 
traps, which on optical excitation become charged, thus (photo)gating the device and shifting the 
threshold voltage [36]. The sign of Δ𝑉𝑇 indicates the polarity of the trapped carriers. Physically, the 
trapped carriers are located in defects of the channel itself or at the channel/oxide interface, where they 
act as an additional back gate.  
The photoconductive effect refers to the increase in conductivity, ∆𝜎, due to photogeneration of 
electron-hole pairs in the channel, and is less dependent on the gate voltage [35, 37]. Its contribution to 
the photocurrent is expressed as  
𝐼𝑑𝑠
𝑃𝐶 =
𝑊
𝐿
𝑉𝐷Δ𝜎. 
Comparing Figure 3 (c) and 3 (d), we notice a strong similarity between the gate dependence of  𝐼𝑑𝑠
𝑃ℎ𝑜𝑡𝑜 
and 𝑔𝑚. Both have peaks, which can be used to estimate ∆𝑉𝑇, using the  equation for 𝐼𝑑𝑠
𝑃𝐺. Remarkably, 
the shift found here of ∆𝑉𝑇 ≈ −3.7 𝑉  is compatible with the variation in 𝑉𝑇 estimated previously, using 
the transfer characteristics in dark and under illumination. Therefore, we conclude that the 
photoresponse is dominated by the PG effect, also because the PC effect is not expected to show an 
appreciable dependence on gate voltage. Note that the PC effect may be dominant in the region 𝑉𝑔 >
5𝑉 where the gate dependence of the current is smoother. Furthermore, Figure 3 (e) shows that the 
channel conductivity increases roughly with the logarithm of light intensity, implying again the 
presence of the PG effect. 
All the electrical features discussed so far can be explained considering that photogenerated holes are 
trapped either in the uncompensated dangling bonds or in water molecules at the SiO2/MoS2 interface 
(extrinsic trapping) [40-42] or in the structural defects created in the MoS2 [32, 42] (intrinsic trapping). 
Charge trapping in adsorbates as oxygen molecules on the top MoS2 surface, proposed in previous 
works [31, 44], seems unlikely in this study because O2 should favor negative charge trapping, while 
the leftwards shift of the transfer characteristic indicates that mainly positive charge is temporarily 
stored along the channel [45].  
Noticeably, intrinsic or extrinsic traps sites are expected to provide localized and interface bandgap 
states, which on one hand can ease light absorption and on the other hand can introduce space charge 
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limiting the conduction [32, 46]. To better understand the conduction mechanism in the channel, we 
plot 𝐼𝑑𝑠 − 𝑉𝑑𝑠 for growing illumination in Log-Log scale as displayed in Figure 3 (f). The current 
follows a power law,  𝐼𝑑𝑠 ∝ 𝑉𝑑𝑠
𝛾
 with 1.0 ≤ 𝛾 ≤ 1.4 (𝛾 is the slope of the linear fit in Figure 3 (f)) with 
exponent increasing at lower illumination. At the lower illumination, the dominant mechanism seems 
to be a Child-Langmuir (CL) law (which predicts 𝐼 ∝ 𝑉3 2⁄ ) in which the current is space charge limited 
(SCL) [40, 47-49]. It is worth to mention that the CL law is derived for SCL conduction in vacuum (not 
for solid with or without traps). For a traditional solid with traps, the SCL conduction is normally 
described by the Mark-Helfrich (MH) law of 𝐼 ∝ 𝑉𝑙+1 with 𝑙 = 𝑇𝑐 𝑇⁄ > 1, where 𝑇𝑐 is a parameter 
characterizing the exponential distribution in energy of the traps. Based on the traditional SCL models 
for solids, the scaling of  𝐼 ∝ 𝑉𝛾 is 𝛾 ≥ 2. Thus the traditional SCL models in solids will not be able to 
explain 𝛾 < 2 obtained here and by other experiments [40]. This inconsistency between the model and 
the experiment may be resolved by a recent SCL model [50] for Dirac materials with a band gap (such 
as MoS2) in which the power scaling will become 𝛾 = 3/2 similar to the CL law at the limit of ultra-
relativistic regime. The sub-scaling of 𝛾 < 3/2 may be due to other quantum effects that remain to be 
confirmed. For example, the quantum CL law will have a scaling 1/2 ≤ 𝛾 ≤ 3/2 [51]. In addition to 
the voltage scaling, the channel length scaling will be different [50] due to the nano-contact size of 
MoS2 (like a thin film), and the total SCL current density will also be enhanced [52-53]. Note that the 
SCL regime gradually transforms into an ohmic one since the increased availability of photogenerated 
carriers can better screen localized trapped charge. Figure 3(f) also shows that the dependence of current 
on light intensity is weaker at high voltage than at lower voltage. This is likely due to space charge 
limited conduction which manifests more at higher drain bias, as reported in [40].  
We finally checked the transient characteristics of the phototransistor by measuring the channel current 
under intermittent light, at given gate bias (𝑉𝑔 = −25 𝑉). The result is reported in Figure 4 (a).  An 
abrupt, two-order of magnitude, increase in 𝐼𝑑𝑠 is observed as soon as the light is turned on, as result of  
the photoexcitation (PC effect); this is followed by a much slower current increase, a behavior that  can 
be understood considering that photogenerated holes get trapped and attract more electrons, which 
gradually increase the channel conductivity (PG effect). Switching off the light results in a very slow 
decay of the current. This is because trapped charges (PG effect) cause long sustained conductivity, 
despite the absence of illumination. The decay curve can be fitted using two exponentials  
𝐼 = 𝐼0 + 𝐴1 exp(− 𝑡 𝑡1⁄ ) + 𝐴2 exp(− 𝑡 𝑡2⁄ )),  
with shorter (𝑡1 ~ 16 𝑠) and longer (𝑡2 ~ 350 𝑠) time constants. The observed persistent 
photoconductivity is affected by the history of the device and can be enhanced by prolonged light 
exposure, as demonstrated in Figure 4 (b) where a further illumination of 500 𝑠 increases the time decay 
constants up to 104 𝑠.  
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Finally, Figure 4 (c) shows the time evolution of the transfer characteristic during the photoconductive 
state decay, corresponding to a gradual positive shift and to a small reduction of the hysteresis, which 
are indicative of slow positive charge detrapping.  
We attribute the shorter decay component to photoconductive effect and to shallower traps, while the 
longer component is due to photogating effect caused by deeper (middle gap) traps, which are 
characterized by longer trapping/detrapping times (Figure 4 (d)). Indeed these traps require longer 
exposure to be filled, and yield the consequent very long component.  
The origin of the trap states is still under debate. Persistent photoconductivity in MoS2 devices has been 
already reported, and shown to be enhanced by charge trapping in the oxygen-related defect sites on the 
MoS2 surface [21] or attributed to random local potential fluctuations which originate from extrinsic 
sources based on the substrate or defects in MoS2 itself [20].  Our measurements convincingly point to 
the MoS2/SiO2 interface as the main charge trapping physical location. The absence of any hydrogen 
passivation of dangling bonds or annealing to desorb moisture at the SiO2 surface prior to MoS2 
deposition obviously contribute to enhance the persistent photocurrent signature.  
   
Figure 4 – Channel current versus time with and without light (a) and photocurrent decay after a longer 
light pulse (b). Time evolution of the transistor transfer characteristic after a light pulse (c). The light 
intensity was set to 5.5 𝑚𝑊/𝑐𝑚2. (d) Band diagram of the device without and with light, showing hole 
trapping in shallower and deeper trap states close to the valence band. Hole trapping causes a down-
shift of MoS2 bands and an increase of the electron density, that is of the channel conductivity. 
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Conclusion 
In summary, we studied electrical transport in exfoliated MoS2 field effect transistors at low drain bias 
and under different illumination intensities. The transistors exhibited n-type behavior with threshold 
voltage depending on the illumination level. Light also affects the hysteresis observed in transfer 
characteristics. The long persistent photocurrent measured in our devices is most likely due to photo-
charge trapping in MoS2 defects and at the MoS2/SiO2 interface, which cause photogating effect. Apart 
from photogating and photoconductive effects, we showed that space charge limited conduction also 
appear at low illumination and possibly at higher drain bias. 
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